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Experimental and numerical investigations on development of cavitation

erosion pits on solid surface
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Polished, grinded, and milled samples made of 40Cr stainless steel were prepared for the cavitation erosion experiment. A

typical phenomenon of ‘‘pits chain’’, which consisted of two contact pits and a smaller pit on the ridge between them, was found on

the sample surfaces after 15-minute experiment. Numerical simulation indicated that the pressure fluctuation caused by the

sequentially formed pits on the solid surface was the main reason for the formation of the ‘‘pits chain’’. It proves that the early-

formed pits affect the formation of the subsequent erosion pits, and the whole cavitation erosion process is not a probability event.

Based on the numerical analyses, the development of erosion is divided into four stages, which describe how a pit develops

vertically and horizontally under the effect of the pressure perturbation. The development was validated by the characteristics of the

damaged surface observed at different experimental time.
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1. Introduction

Cavitation erosion is considered as the main reason
for the damage of hydromachine surfaces in some
conditions where abrasion and corrosion have little
effect [1]. Usually, cavitation erosion level is repre-
sented by the mass loss curve, which can characterize
different stages of the cavitation erosion [1]. However,
the erosion developments and the surface characteris-
tics in different erosion stages cannot be found from
the mass loss curve. Whereas, erosion pits are obvious
characteristics on the surface and their development
can describe the erosion process [2–5]. In fact, they
have already been used to describe the erosion process
in the work done by Marques [4] and Yoshiro [5].

An erosion is commonly recognized as the result of
the collapse of a bubble near a solid wall [1]. It has been
proved that the pressure perturbation will break the
stability of a spherical bubble, and then cause it to
collapse [6]. On the other hand, experiment results have
shown that cavitation erosion is easy to generate on a
rough or wavy surface [7, 8]. The asperity and concave
geometry of the surface are believed to cause the pres-
sure perturbation and induce the bubble collapse. In real
working conditions, bubbles may collapse near the
machined surfaces, such as polished or grinded surfaces.
When the pits are initially formed on such surfaces, the
surface profile is changed. The changed surface profile

causes the pressure fluctuation, which subsequently
affects the formation of erosion pits. It is deduced that
the cavitation erosion process is not a probability event;
the development of the erosion pits obeys some rules.

In the undergoing study, three machining methods,
polishing, grinding, and milling, were used to process
samples made of stainless steel. The processed samples
were used in the cavitation damage experiment. After
different experimental time, the samples’ surfaces were
observed under a Scanning Electronic Microscope
(SEM) to study the variation of the pits’ number and
shape. Later, numerical analyses are given to explain the
characteristics of the damaged surfaces and the devel-
opment of the pits.

2. Experimental section

2.1. Experimental apparatus

Figure1 shows a schematic of the rotating-disk
cavitation apparatus. The diameter of the rotating-disk
was 300 mm and four equispaced samples were
installed on the rotating disk. To induce the cavitation,
an orifice hole was made on the rotating-disk in front
of each sample. The rotating speed of the rotating disk
was 2,800 round/min, and the corresponding velocity
of the samples was 30 m/s. In this experiment, the size
of the sample was 40 � 30 � 6 mm3. As the sample
installation site was 5 mm deep, the upper surface of
the sample was 1 mm higher than the rotating
disk surface. The fluid used in the experiment was
tap water, and the temperature of the water in the
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experiment was kept at 25 �C by a water refrigerating
circuit system HW-50.

2.2. Sample surfaces

In this experiment, the samples were made of 40Cr
stainless steel, and their surfaces were processed by three
methods: milling, grinding, and polishing. The surface
roughness and the contact angle of each sample surface
are listed in Table 1. The roughness is represented by the
RootMean Square (Rq). The milled and grinded surfaces
were measured by the surface topography tester named
Taylor Surf 120P, while the polished surface was mea-
sured by the Scanning Probe Microscope (SPM) named
CSPM-4000, because the polished surface is too smooth
to be measured by the surface topography tester. Besides
the surface roughness, the wettability of the surface also
has some effect on the cavitation erosion results [9].
Therefore, the contact angles of water were tested on
different surfaces, and the results are listed in Table 1.

2.3. Experimental results

Three samples with different surfaces were installed on
the rotating disk at the same time, and an unprocessed
sample was also installed as a balance weight. The cav-
itation erosion experiment lasted 15 min. Such short

experimental time is scheduled to reduce other damage
effects on the surfaces, such as corrosion and abrasion.
After the experiment, the samples were cleaned and ob-
served. Besides the typical erosion pits commonly
appearing on the surfaces in the cavitation experiment, a
special erosion phenomenon was found, as shown in
figure 2. The magnitude, scale, and other testing
parameters are shown at the bottom of each picture. Two
semisphere pits are close to each other and sometimes
they are overlapped. On the ridge between the two pits, a
smaller semisphere pit is usually found. Here, such a
phenomenon is called ‘‘pits chain’’. The ‘‘pits chain’’ has
such a specific shape that it is considered to be formed
sequentially, not randomly. It indicates that the existed
erosion pits have some effect on the pits formed later,
and the whole erosion process is not a probability event.

To study the development of the erosion pits, the
same area on the grinded sample surface was observed
at different experimental times. In this experiment, the
same area on the same sample surface was observed
after 2 min, 2 h and 24 h, respectively. The pictures of
the damaged surface are shown in figure 3.

In figure 3(a), some semisphere and needle-like pits
appear on the surface after the short experimental time,
but most of the pits are not in contact with each other,
and they disperse on the surface randomly. After 2 h,
some new pits appear near the existed pits and they are
sometimes in contact with each other to form the ‘‘pits
chain’’. After 24 h, the sample surface is severely dam-
aged by the cavitation erosion. The surface is fully
occupied by the connected and overlapped erosion pits.
There are still some pits with clear semisphere edges on
the surface, which indicates that the cavitation erosion
would continue its process vertically after it destroys the
original surface.
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Figure 1. (a) Schematics of the cavitation experimental apparatus and (b) the installment of the samples.

Table 1.

Surface roughness and contact angles of different surfaces.

Process method Milling Grinding Polishing

Rq (lm) 1.02 0.32 0.041

Contact angle (�) 96.63 84.05 75.17
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3. Numerical analysis

3.1. Method and model

The experimental results suggest that the pits gener-
ated in early stages affect the formations of the pits in
later stages. An obvious reason for this result is that the
existence of a pit on the surface would change the flow
field around it, which may provide a suitable environ-
ment for the collapse of a bubble. The changes of the
flow conditions were simulated, and all the calculations
were performed using the commercial CFD software
named FLUENT. Some basic conditions and assump-
tions are adopted here as follows.

(1) The shape of a pit is treated as a cosine curve, the
wavelength is 10 lm and the amplitude is 1 lm.

(2) The fluid is water, which is a Newtonian fluid with
constant viscosity.

(3) The thermal effect is not included in this calcula-
tion. The ‘‘pits chain’’ is thought to be formed
sequentially, so two different geometry models of
the calculating domain are used and shown in fig-
ure 4. The difference between the two models is the
stationary solid wall A in figure 4. The continuous
line represents the model with only one pit on the
solid surface, while the dotted line represents that
there are two pits on the solid wall. The boundary

conditions are defined as follows: A is the sta-
tionary wall, while the upper boundary C is a
moving wall with the speed of 30 m/s; the left side
D and right side B are treated as periodic bound-
aries. The boundaries B and D were divided into
120 grids with a grow factor of 1.05, boundaries A
and C were divided into 60 grids, so the number of
the grids was 120 � 60 = 7,200.

In FLUENT, a control-volume-based technique is
used to convert the governing equations to algebraic
equations that can be solved numerically, which is called
the finite volume method. The continuity equation and
momentum equation are adopted in the calculation,
which are applicable for any continuous medium. In the
calculation, the implicit formulation is used for the
steady process; the pressure is solved using PRESTO!
the pressure–velocity coupling equation is solved using
PISO [10], and the momentum equation is solved using
the second order upwind method. The residual defini-
tions are used for judging convergence. This criterion
requires that the residuals decrease to 10)6 for the
continuity equation and velocity equation. In this
calculation, the residuals both reach the convergence
criteria and almost keep constant after 12,500 iteration
steps, which indicates that the numerical process is
converged.

Figure 2. Three different surfaces observed under SEM after the experiment. (a) is the polished surface, (b) is the grinded surface, (c) is the milled

surface.

Figure 3. The development of the cavitation erosion on the grinded sample surface. (a) After 2 min (b) After 2 h (c) After 24 h.
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3.2. Numerical results

It has been recognized that the collapse of a bubble is
greatly related to the perturbation of the environment
pressure [6, 11]. When a pit is generated on the solid
wall, the pressure on the pit fluctuates. Usually, the
pressure decreases on the trailing edge of a pit, while it
increases on the rising edge. The calculated pressures on
the solid wall with one and two pits are shown in
figure 5(a) and (b), respectively. In each figure, a low
pressure domain and a high-pressure domain appear
alternatively along the flow direction. The existence of a
pit causes a sinusoidal-like variation of the pressure,
which is represented in figure 5(c). When a bubble is
assumed to pass the pit, it goes into the low-pressure
domain first. The bubble would expand but not collapse
in this domain. However, the bubble later goes into the

high-pressure domain before it moves away from the pit.
In the high-pressure domain, the bubble would be
compressed or even collapse. Therefore, the bubble
experiences an expansion–compression process when it
passes a pit near the wall.

If the pressure fluctuation can be seen as a pertur-
bation added on a stable bubble with an ideal spherical
shape, it should be solved when the perturbation is
strong enough to break the stability of the bubble and
causes it to collapse before it moves out of the pit. Here,
the perturbation theory on a spherical bubble was
adopted to solve the problem [12]. The equation
describing the stability of a bubble under perturbation is
shown as equation (1) [12].

z 1� zð Þ d
2an
dz2
þ 1

3
� 5

6
z

� �
dan
dz
� n� 1

6
an ¼ 0 ð1Þ

Where z = R/R0, R is the radius of a bubble and R0 is
the initial radius of the bubble; an is the amplitude of the
perturbation on the bubble’s wall; n is the order of the
Legendre function. The initial perturbation velocity u0 is
represented by a nondimensional parameter l0 shown in
equation (2) [12], where p is the pressure difference on
the bubble, and q is the fluid density.

l0 ¼ u0R0

. ffiffiffiffiffiffiffiffiffiffiffiffiffi
2p=3q

p
ð2Þ

After solving equation (1) with the initial condition
n = 6, l0/a0 = 0 and l0/a0 = 1/3, the perturbation
variation during the bubble’s compress process is shown
in figure 6 (the detailed solving process is referred to [13]
and [12]). The curve shows that the stability of the
bubble is related to the compression ratio R/R0. When
the ratio is larger than 0.2, the perturbation amplitude is
quite small, so the bubble keeps stable; but when the
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ratio is less than 0.2, the perturbation amplitude grows
rapidly. It means that the stability of the bubble is
broken, and the bubble collapses at last.

So the compress ratio is a key parameter to determine
the stability of the bubble under the perturbation.
Usually, the compress process is very rapid, and the
compress ratio of a bubble can be calculated as equation
(3) under the static flow field condition [14].

p

p0
¼ 1þ R0

R

� �3

�4
" #4=3,

44=3
R0

R

� �3

�4
" #1=38<

:
9=
; ð3Þ

The high-pressure value is acquired from figure 5. The
maximum pressure p is 15,000 Pa and the initial pres-
sure in the bubble p0 is 270 Pa, then the compression
ratio R/R0 is approximately 0.14. According to figure 6,
the bubble would be unstable and it would collapse.
The compression time can be calculated according to
equation (4) [14]. With the parameter R0 = 10lm,
p0 = 270 Pa, the compression time is 7.19 ls. The
compression process is so rapid that the bubble will
collapse before it moves away from the pit. (The col-
lapse time can be omitted compared with the com-
pression time).

t ¼ R0

ffiffiffiffiffiffiffi
q
6p0

r
� Cð5=6ÞCð1=2Þ

Cð4=3Þ ¼ 0:915R0

ffiffiffiffiffiffiffi
q
6p0

r
ð4Þ

Here, the wavy surface profile is considered to cause a
pressure fluctuation, and the bubble is compressed and
will collapse at last. The generally accepted mechanism
of cavitation erosion is the shock waves and micro jets
generated at the moment of bubble collapse when a
bubble is close to a solid surface [15]. Moreover, the
experimental study [16] shows that the micro jet is the
main reason for the erosion when the bubble is within
a certain distance from the solid wall, while the shock

wave is the main reason for the erosion when the
bubble is outside the distance. The collapsing pressure
caused by the micro jets can be calculated using the
traditional numerical method given by Plesset [11]. The
value of the parameters used in the calculation is same
as those used in equation (3). As the calculation
results, the distance H from the bottom of the bubble
to the solid surface and the velocity V of the jet stream
generated at the moment of bubble collapsing are listed
in Table 2. Considering the water hammer effect rep-
resented by equation (5) [11], the pressure caused by
the water hammer effect changes from 50.7 MPa to
1132.5 MPa when the distance changes from 50 lm to
1 lm. It is known that the yield strength of 40Cr steel
is about 800 MPa, so the micro jet stream can destroy
the surface when the bubble is very near the solid
surface. In the equation, the L and s subscripts refer to
the liquid and the solid, respectively.

pWH ¼ qLcLv
qscs

qLcL þ qscs

� �
ð5Þ

The results shown in Table 2 also indicate that the
micro jet will not have obvious effect on the solid
surface because the velocity of the jet stream decreases
rapidly in the water as the distance increases. Under
that condition, the shock waves will replace the micro
jets to cause the erosion pits when the distance is
outside the coverage of jet stream. Numerical results
[17] show that the pressure caused by shock waves
reach the order of 103MPa, which can damage steel
surfaces. Experimental results [16] also support the
viewpoint.

Based on the numerical analyses, the experiment
phenomenon ‘‘pits chain’’ can be explained. Firstly, a
bubble collapses near the smooth solid surface and
causes a pit on the surface, which can be seen as a
probability event. Then, a pressure fluctuation is gen-
erated on the pit surface. When a bubble is passing the
pit near the solid wall, it travels through the low-pres-
sure domain first and then goes into the high-pressure
domain. If the pressure were high enough, the bubble
would collapse on the rising edge before it moves out of
the high-pressure domain. If there are two pits on the
surface, two high-pressure domains will be formed. The
pressure in the first domain is slightly lower than that in
the second one. So the bubble would collapse with great
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Figure 6. Perturbation variation on the bubble during the bubble’s

compress process.

Table 2.

Velocities of the jet stream under different distance H.

H (lm) V (m/s)

100 2.5

50 33.8

10 180

1 755
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probability in the first high-pressure domain. A new pit
is formed then on the ridge between the two contact pits.
In brief, the pressure fluctuation caused by the pits on
the solid surface is the reason for the formation of ‘‘pits
chain’’.

3.3. Discussions

The whole erosion process can also be analyzed by
the surface roughness related unstable bubble theory as
it has been applied to explain the typical erosion result
‘‘pits chain’’. Based on the mechanism that the erosion
pit is mainly caused by the bubble collapse near a solid
wall, the development of the cavitation erosion on solid
surface is divided into four different stages, which are
described by the different curves in figure 7.

In stage 1, the formation of the first pit on the solid
surface is considered as a probability event because the
surface condition is all the same at any place. In this
stage, the surface is characterized by the scattered nee-
dle-like pits, which can be obviously found in the SEM
picture figure 3(a). In stage 2, the pit formed in stage 1
causes the pressure fluctuation and the collapse of the
bubble when the bubble is passing the rising edge of the
pit. Then, a new pit is formed on the surface just behind
the existed pit. In stage 3, a bubble would experience
two high-pressure domains before it moves away from
the second pit. If the pressure were high enough in the
first domain, the bubble would collapse, and form a new
pit on the ridge between the two existed pits. Then the
‘‘pits chain’’ appears on the surface. If the bubble has
past the first domain, it will go into the second domain
but it usually does not collapse yet because the pressure
in the second domain is almost the same as that in the
first domain, so the bubble will move out of the pits
domain. In stages 2 and 3, the surface is characterized by
the ‘‘pits chains’’. Figure 3(b) shows the results of the

two stages. The number of connected pits pairs is
increased and some ‘‘pits chains’’ appear on the surface.
In stage 4, the ‘‘pits chain’’ becomes a larger pit with a
rough bottom. When the asperity on the rough bottom
is high enough to generate high-pressure domain, the
bubble collapses on the bottom, which makes the ero-
sion develop vertically. Besides, if the asperity is not
high enough, the ‘‘pits chain’’ is still seen as a pit, and
the pits expansion process is the same as stage 2. Then,
the erosion develops horizontally. Erosion development
in this stage explains the erosion result shown in
figure 3(c). It is found that the original surface is occu-
pied by the erosion pits, and the pits are superposition to
form a new surface. It indicates that the erosion expands
horizontally. On the other hand, some hemispherical
pits with clear edges are observed on the new-formed
surface, and it suggests that the erosion should develop
vertically. It should be noted here that at least one
condition should be satisfied to generate the ‘‘pits
chain’’, that is the bubble should be close to the wall.
Only under this condition, the fluctuated pressure can
affect the stability of a bubble effectively and cause it to
collapse, and furthermore, the jet stream generated at
the moment of collapse can damage the surface [11]. So
not all the needle-like pits can develop to the ‘‘pits
chain’’, while the ‘‘pits chain’’ is a typical process during
the cavitation erosion process when the cavitation is
strenuous.

4. Conclusions

A cavitation experiment was performed on three
different sample surfaces to investigate the development
of the cavitation erosion. Under the condition that the
erosion pits are mainly caused by the collapse of bubbles
near the solid wall, some conclusions are drawn as
follows:

(1) A typical phenomenon of ‘‘pits chain’’ was found on
the sample surfaces after the 15-minute experiment.
‘‘Pits chain’’ consists of two contact pits and a
smaller pit on the ridge between them. According to
the numerical analyses, it is believed that an early-
formed pit causes a pressure perturbation on the pit
surface, and the bubble would collapse at the rising
edge of the existed pit under the pressure perturba-
tion. Then the ‘‘pits chain’’ forms sequentially.

(2) In the experiment, the development of the cavitation
erosion is divided into four stages. In stage 1, bubbles
collapse randomly and scattered needle-like pits
appear on the solid surface. In stages 2 and 3, bub-
bles collapse at the rising edge of the existed pits, and
then the phenomenon of ‘‘pits chain’’ appears on the
surface. In stage 4, erosion develops vertically and
horizontally under the effect of the bubble collapse,
and the surface is severely damaged by the erosion.

Stage 1 Stage 2

Stage 3

Stage 4

Flow directionBubble

Substrate

Surface profile

Figure 7. Four different stages of the cavitation erosion development.
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